Thermophilic (50°C) and obligately thermophilic (60°C) anaerobic carbohydrate-and protein-digesting and methanogenic bacterial populations were enumerated in a mesophilic (35°C) fermentor anaerobically digesting municipal primary sludge. Of the total bacterial population in the mesophilic fementor, 9%o were thermophiles (36 x 106/ml) and 1% were obligate thermophiles (4.5 x 106/ml). Of these 10%, the percentages of bacteria (thermophiles and obligate thermophiles, respectively) able to use specific substrates were further enumerated as follows: bacteria able to digest albumin, casein, starch, and mono-and disaccharides, 30 and 10%; pectin degraders, 10 and 0.2%; cellulose degraders, 2 and 0.06%; methanogens that grow with H2 and C02, methanol, and dimethylamine, 9 and 1%; methanogens that grow with formate, 8 and 5%; and methanogens that grow with acetate, 25 and <0.8%. Shortly after the temperature was elevated from 35 to 50 or 60°C, the digestion of albumin, casein, starch, and mono-and disaccharides was detected, and methane was produced from H2 and CO2. Methane produced from acetate was not delayed at 50°C, but was delayed by 29 days at 60°C. Methane produced from formate was delayed by 3 days, from methanol by 7 days, and from dimethylamine by 5 days at 50 and 60°C. A 10-and 20-day acclimation period was required for hydrolysis of pectin and cellulose, respectively, at 50°C. Digestion of pectin required 20 days and cellulose longer than 85 days when the temperature was elevated abruptly from 35 to 60°C. The acclimation period for the digestion of pectin and cellulose at 60°C was shortened to 3 and 15 days, respectively, by seeding with a small amount of a culture acclimated to 50°C. The data suggest that enrichment of cellulolytic, pectinolytic, and acetate-utilizing bacteria is crucial for the digestion of sewage sludge at 60°C.
The advantages of waste digestion by thermophilic (50 to 65°C) rather than mesophilic (25 to 35°C) anaerobic bacteria have been reported (7, 14) . At the higher temperatures, the rate of digestion is increased, solids settle faster, less substrate is converted to cellular material, drier sludge and more methane are produced, and most pathogens are removed.
Thermophilic digestion is usually attained by adapting a mesophilic system to higher temperatures. This dramatic temperature change probably selects for subpopulations of bacteria that are in low concentration in the mesophilic system. Thus, the transition from mesophilic to thermophilic temperatures may require a long acclimation period and may fail because of acidic pH and little methane production. Garber et al. (8) have recommended that temperature be increased gradually to enrich the thermophilic bacteria, whereas Varel et al. (17) have initiated an obligate thermophilic fermentor (65°C) by seeding with the contents of a digestor already acclimated to 55°C.
Anaerobic digestion of wastes requires balanced growth of various populations of microorganisms-those which decompose organic polymers, those which use simple compounds, and methanogens (11) . Since no information is available regarding changes in bacterial populations during the establishment of thermophilic digestion, I undertook a study (i) to Na2S -1OH20, 0.375 g; isobutyric, 2-methylbutyric, ncd > e v: x B 4 Q tvaleric, and isovaleric acids, 0.1 ml each; hemin, thiamine hydrochloride, calcium D-pantothenate, nicotinamide, riboflavin, and pyridoxine hydrochloride, 2 mg each; biotin, resazurin, 1 mg each; p-aminobenzoic acid, 100 ,ug; cyanocobalamin, 20 FJg; folic acid, 50 ,ug; and folinic acid, 10 ,ug. The pH was adjusted to 7.0. Bacteria that utilized specific carbon substrates were enumerated in a CM-1 medium containing (per liter): K2HPO4, KH2PO4, and (NH4)2SO4, 0.3 g each; NH4Cl, 1.0 g; NaCl, 0.6 g; MgSO4 * 7H20, 0.2 g; CaCl2 -2H20, 20 mg; MnSO4 -2H20, 5 mg; FeSO4 * 7H20, CoSO4, ZnSO4, and resazurin, 1 mg each; biotin and folic acid, 20 ,ug each; thiamine hydrochloride, riboflavin, nicotinic acid, p-aminobenzoic acid, lipoic acid, DL-calcium pantothenate, and hemin, 50 ,ug each; cyanocobalamin, 1 ,g; casein hydrolysate (BBL) 1.0 g; DL-tryptophan, 0.05 g; NaHCO3, 5.0 g; L-cysteine hydrochloride * H20, 0.88 g; Na2S -10H20, 0.38 g; and Bacto-Agar (Difco) 20 g. The pH was adjusted to 7.0. The medium also contained 5.0 g each of one of the following substrates: glucose, galactose, maltose, sucrose, cellobiose, starch, bovine albumin (Sigma Chemical Co., St. Louis, Mo.), pectin (Sigma), or 50 ml of skim milk. the gas phase was 100%0 C02. The pectin was prepared as described previously (15) .
The utilization of specific substrates by the bacteria was examined in a CM-2 medium, which was prepared with the same ingredients as the CM-1 medium except that the agar, casein hydrolysate, and tryptophan were omitted, and 2.0 g each of yeast extract and Trypticase were added per liter of medium. The medium (4.9 ml) was contained in a 20-ml serum-finished test tube with a butyl rubber stopper. To evaluate cellulolytic bacteria, I added volatile fatty acids to the medium as described previously (10) Adaptation experiment. Portions (0.1 ml) of 10-1 dilutions of the 50°C pectin-and cellulose-grown cultures were transferred to the appropriate medium and incubated at 60°C. The pectin-grown culture used for the inoculation was 10 days old, with a turbidity reading of 0.5. The cellulose culture was 20 days old when the filter paper in the medium was destroyed.
Analytic procedures. In triplicate, dry matter and Kjeldahl nitrogen were determined as described previously (1). Total carbon was analyzed by acid persulfate digestion, and CO2 was determined by infrared spectroscopy (16) . Ammonia N was determined by the Nessler test (1) . Total phosphorus was digested by acid persulfate and determined as described previously (16) . Samples for volatile fatty acids analysis were acidified with 0.2 ml of 2 M formic acid per ml and were analyzed by gas-liquid chromatography (5) . Methane was determined by gas chromatography as described previously (4).
RESULTS
The constituents of the raw and fermented municipal sludge are shown in Table 1 . A decrease in dry matter and organic carbon and acids and an increase in ammonia N were observed in the 35 and 60°C fermentors seeded with 28 ml of the 50°C-acclimated fermentor content. In the 60°C fermentor without seeding, dry matter, organic carbon, and acids did not decrease significantly, and very little methane was produced.
Concentrations of viable bacteria in the mesophilic fermentor were determined at 35, 50, and 60°C, and the counts for the two thermophilic cultures were calculated as a percentage of the mesophilic culture counts ( Table 2 ). The percentages for growth for bacteria able to digest albumin, casein, starch, and mono-and disaccharides varied from 21 to 32% at 50°C to 7 to 11% at 60°C; for cellulolytic bacteria, 2% at 50°C and <0.06% at 60°C; for pectinolytic bacteria, 10% at 50°C and 0.2% at 60°C; and for total growth, 9% at 50°C and 1% at 60°C.
The contents of the mesophilic fermentor were incubated at 35, 50, and 65°C, using various substrates in CM-2 medium. Utilization of albumin, casein, starch, and mono-and disaccharides was observed after 1 to 4 days incubation at each temperature. Utilization of pectin was detected in 1, 8 to 10, and 20 days at 35, 50, and 60°C, respectively. Cellulose utilization was detected at 9 and 20 days at 35 and 50°C, respectively, but not even after 85 days at 600C.
The organisms hydrolyzing pectin and cellulose at 500C were also capable of hydrolyzing these polysaccharides at 600C. The time required for utilizing pectin (3 days) and cellulose (15 days) at 600C was significantly shortened after the adaptation of the cultures to 500C.
Concentrations of methanogens from the mesophilic fermentor that grew with H2 plus CO2, methanol, and dimethylamine at 500C were 4 to 9% and at 60°C 1 to 2% of the concentrations of those that grew at 350C (Table 3 ). Methanogens that grew with formate were 8 and 5% at 50 and 600C, respectively. Methanogens that grew with acetate at 50 and 600C were 25 and <0.8%, respectively, of those that grew at 350C.
The time required and the amount of methane produced from various substrate media inoculated with mesophilic fermentor contents and incubated at 35, 50, and 60°C are shown in Table 4 . With H2 plus CO2 as substrate, methane was produced rapidly at all three temperatures, but production was delayed by 3 days at 50 or 60°C with formate as a substrate and by 5 to 7 days with methanol or dimethylamine. An extensively long period (48 days) was required with acetate at 600C.
DISCUSSION
Relatively few pectinolytic and cellulolytic bacteria in the mesophilic fermentor were able to grow at 50 and 60'C ( Table 2) . A long adaptation period was necessary for significant degradation of these substrates at the higher temperatures. Utilization of these substrates was seen earlier at 50'C than at 600C. An adaptation period at 50'C promoted utilization of these substrates at 60°C. Since the dry solids of most municipal sludge contain 25 to 35% cellulose and 2 to 5% pectin (9), digestion of cellulose and pectin is critical in the reduction of the total contents and for provisions of carbon and energy sources to other microorganisms.
The results show that sufficient concentrations of bacteria are present in the mesophilic fermentor to permit rapid utilization of albumin, casein, starch, and simple sugars at 50 and 60°C. Rapid utilization of these substrates was seen at all temperatures. However, this utilization increases the volatile fatty acid concentration. Unless the volatile fatty acids are utilized immediately, the pH of the digesting sludge will drop, and that may cause the failure of digestion.
The population and activity of methanogens are largely dependent on the activity of the carbohydrate-, lipid-, and protein-digesting bacteria which provide H2 and C02, acetate, formate, and other substrates. Many fewer methanogens in the mesophilic fermentor (and almost no acetate users at 60°C) were able to grow at 50 and 60'C compared with growth at 35°C (Table  3) . However, rapid utilization of H2 and CO2 and formate was seen at all temperatures. Utilization of methanol and dimethylamine was slow at all temperatures, but the time required for utilization was about the same at 50 to 600C as at 35°C (Table 4 ). Adaptation at 50°C was not required for methane production at 60°C. A significantly higher concentration of acetate users in the mesophilic fermentor was seen at 50 than at 60'C; thus, at 60°C utilization of acetate may be difficult. Enrichment of acetate users could then be critical for sludge digestion at 60°C.
One interesting question is why the organisms that grow at 50 to 60'C survive in the 35'C 
